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To investigate a possible methodology of exploiting herbal medicine and design polytherapy for the
treatment of non-alcoholic fatty liver disease (NAFLD), we have made use of Cichorium glandulosum Boiss
et Huet (CG), a traditional Chinese herbal medicine that has been proven to be effective in treating hepatic
diseases. Here, we report that the extract of CG effectively reduced lipid accumulation under conditions of
lipid overloading in vivo and in vitro (in a rat high-fat diet model and a hepG2 cell model of free fatty acid
treatment). CG extract also protected hepatocytes from injury and inflammation to aid its lipid-lowering
properties (in a rat high-fat diet model and a L02 cell model of acetaminophen treatment). Serum chemistry
analysis accompanied by in vitro drug screening confirmed that CG-4, CG-10 and CG-14 are the
lipo-effective components of CG. Western blotting analysis revealed that these components can regulate key
lipid targets at the molecular level, including CD36, FATP5 and PPAR-a, thus the lipid oxidation and lipid
absorption pathways. Finally, we adopted the experimental design and statistical method to calculate the
best combination proportion (CG-4: CG-10: CG-1452.065: 1.782: 2.153) to optimize its therapeutic effect.

M
ulti-component therapy and the incorporation of components from various plant sources with related
medicinal properties is the cornerstone of traditional medical practices. This particular system has been
in place for centuries in China in a distinctive form, with a broad range of healing benefits. Without

doubt, multi-component therapy offers the advantage of synergism at the expense of a great deal of complexity
and difficulty in understanding and studying the mechanism of their activities; which has hampered the mod-
ernization drive of traditional Chinese medicines (TCMs).

Non-alcoholic fatty liver disease (NAFLD) is the hepatic expression of metabolic syndrome (MS), and its
prevalence is expanding at an alarming rate worldwide1. Clinically, NAFLD is characterized by an accumulation
of triglycerides accompanied by a roughly 5% increase in liver weight due to lipid storage2,3, and affected liver
tissues generally show slight lobular inflammation and raised alanine transaminase (ALT) levels4,5. Lipid storage
within hepatocytes is the hallmark of NAFLD and is the key factor for its progression into succeeding inflam-
matory states and carcinomas. One important player in hepatic lipid metabolism is peroxisome proliferator-
activated receptor alpha (PPAR-a)6, which has been shown to play a role in all phases of lipid metabolism:
lipogenesis, fat oxidation and lipid transport. Similarly, FATP57 is involved in fatty acid uptake and has proved to
be an aggravating factor in NAFLD pathogenesis. CD368 is another important target that is involved in the hepatic
fat storage nexus, as it is involved in the uptake and transport of lipids upstream. Upregulated CD36 has been
demonstrated to be involved in hepatic lipid storage. As NAFLD involves diverse and multiple targets, its
successful treatment may involve the incorporation of multi-components from natural sources.

Cichorium glandulosum Boiss et Huet (CG) is a traditional Chinese medicine distributed in the Aksu region of
Xinjiang, parts of Caucasia and Turkey9. Traditionally, it has been used widely for curing various hepatic diseases
and has had beneficial effects on appetite and digestion10. To date, seed extracts from CG have been reported to
produce anti-oxidant effects11, while underground parts of the plant have been associated with hepatoprotective
activities12. Furthermore, many pharmacologically active constituents from the class of sequterpenoids13 and
flavonoids14 have been isolated from CG, but none of the beneficial mono-components is reported to be as
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effective as the whole extract from CG. This indicates that the lipid-
lowering effects of CG may stem from the combination of multi-
components affecting multi-targets within cells.

In our current study, we have tested the effects of CG extract on
two different and established hepatic models in vitro and have used a
high fat diet (HFD) model in vivo to scientifically rationalize the
pharmacological activities of CG. Furthermore, we identified three
major activity responsible constituents in attenuating hepatic lipid
accumulation. Hence, we attempted to ascertain the specific molecu-
lar targets responsible for their lipid-lowering response and to
develop an optimum composition of the active components from
CG for the maximum lipid-lowering efficacy.

Recently, numerous mathematical researchers have been working
on the development of optimal drug combinations15,16. For example,
Yoon et al.15 proposed a novel stochastic optimization algorithm that
analyzes how the concentration change of a specific drug affects the
overall drug response, thereby providing information on how the
drug concentration should be adjusted to improve its response. It
was shown that this enhanced search algorithm could provide an
effective framework for identifying potent drug combinations that
lead to optimal drug response. Wong et al.16 proposed another
optimization framework based on a stochastic optimization algo-
rithm, called the Gur Game algorithm. In this work, the closed-loop
optimization approach was shown to effectively identify a potent
drug mixture, without the need for detailed information about the
effects of each agent on the intracellular pathways. The results of this
study suggested that a much lower dosage is required of a drug
mixture than individual drug components in the viral infection
model. Although different types of statistical models that are effective
in various disease conditions have been established, few have been
linked with large-scale pharmacological experiment-based evidence.
In this study, we have used the Uniform Design to obtain a set of
multiple drug component combinations and tested them on a lipid-
induced hepatocyte model. From the results of response surface and
contour plots, we can achieve the maximum effect and optimum
proportion. This is a useful step that may be utilized for future
research in order to optimize the effects of multi-component drugs
on intracellular pathways.

Results
Serum and liver biochemical assays. The markers for hepatic lipid
accumulation can be traced in the serum. The extent of change can be
used as an indicator for the extension of lipid accumulation in liver.
Serum level of TC, TG, ALT, AST and LDL-c all show increase in
NAFLD. As shown in Table 1, the CG extract decreased all of these
parameters in a dose dependent manner. HDL-c, which is considered
a favorable lipid, is increased at higher doses of CG extract.

Moreover, hepatic tissue analysis for lipid peroxidation product
MDA and enzyme LDH decreased in a dose-dependent pattern.
Interestingly, the clinical lipid-lowering drug Bezafibrate also
produced similar results both in the serum and liver analysis
(Table 1).

Liver histopathological analysis. We performed H&E staining to
take into account the relative hepatic histology and arrangement. As
shown in Fig. 1a, the basal diet group rats (A) had few or no abnormal
changes in their tissue histology; their cells are, in comparison, well-
arranged with no apparent inflammatory cell infiltration. In the HFD
group (B), the cell size increased with inflammatory cell infiltration
around the central vein. In the treatment groups, the CG extract (D,
E) improved the liver histology seemingly in a dose dependent (9.6 g/
kg and 4.8 g/kg) manner. The Bezafibrate treatment group (C) has
shown comparable effects to the CG extract (Fig. 1). The Oil red
staining method was applied to determine the lipid storage lever
within hepatocytes (Fig. 1b). It can be observed that the CG-
extract treatment group showed reduced size of lipid deposits (D,
E), compared to model (B), which exhibited large fat depots within
cells. The effects of the CG extract can be compared with those of
Bezafibrate (C).

CG extract caused fewer lipid droplets in the FFA-induced HepG2
cell model. Lipid accumulation and an increased number of lipid
droplets are the hallmark of NAFLD. FFAs are important for many
cellular functions and have been used to induce a well-established
steatosis model17. HepG2 cells were cultured and induced with 1 mM
FFA for 24 hours before measuring the total lipids using the Oil red
staining method. As shown in Fig. 2a, CG extract greatly decreased
the number of lipid droplets compared to the FFA induced group
only. Observations from the oil red staining experiments were
quantified by measuring the fluorescence intensity at 500 nm. The
results (Fig. 2b) confirm the Oil red O staining investigations.

CG extract protects L02 cells from Acetaminophen (AAP) induced
injury. Acetaminophen (AAP) is used as a successful model to
induce hepatic injury18. Once AAP enters the body, it can be
transformed into active middle metabolites that are affected by the
mixed-function oxidase of CYP450. These metabolites will then
combine with liver macromolecules. If a toxic dose is taken, more
toxic metabolites will be created that will lead to liver injury, elevated
cell membrane permeability, increased serum lactate dehydrogenase
(LDH) content19, decreased the glucose (GLU) consumption20 and
liver necrosis. We induced L02 cells with AAP (5 mmol/L) for
24 hours to observe hepatic injury level and repairing activity of
CG extract. We used Diammonium glycyrrihizinate (DG) at a

Table 1 | Biochemical analysis of serum and liver tissue parameters with and without CG treatment

Parameters BD HFD Bezafibrate (0.1 g/kg) CG-high (9.6 g/kg) CG-low (4.8 g/kg)

Body Weight(g) 392.21 6 21.06** 443.63 6 26.74 433.15 6 24.53 390.53 6 18.59** 409.00 6 12.29**
Serum TC (mmol/L) 0.84 6 0.13** 2.67 6 0.47 1.58 6 0.17* 1.04 6 0.39** 1.78 6 0.66

TG(mmol/L) 0.65 6 0.14** 1.87 6 0.31 0.87 6 0.12** 0.63 6 0.07** 0.97 6 0.18*
HDL-C (mmol/L) 1.69 6 0.17* 1.10 6 0.20 1.50 6 0.29 1.49 6 0.12* 0.80 6 0.28
LDL-C(mmol/L) 0.41 6 0.08** 2.00 6 0.50 0.50 6 0.30** 0.50 6 0.10** 0.80 6 0.30**

ALT(U/L) 76.3 6 14.80** 268.0 6 17.01 87.6 6 11.12** 74.8 6 9.92** 89.3 6 14.75**
AST(U/L) 199.3 6 26.87** 337.0 6 58.06 217.8 6 33.93** 174.0 6 14.71** 205.8 6 26.72**

Liver TC (mg/g liver) 31 6 11.13* 52 6 9.86 33 6 12.23* 40 6 10.01* 42 6 9.98*
TG(mg/g liver) 150 6 32.85* 225 6 29.46 186 6 37.92* 172 6 50.43* 193 6 47.33*
MDA(nmol/mg) 0.67 6 0.14** 1.32 6 0.18 0.80 6 0.13* 0.81 6 0.08* 0.99 6 0.13
LDH(U/gprot) 1053 6 161** 1912 6 185 1221 6 82** 1333 6 185* 1588 6 195

LD(mmol/gprot) 0.31 6 0.07** 0.78 6 0.14 0.38 6 0.08* 0.47 6 0.10* 0.57 6 0.05

BD: basal diet; HFD: high-fat diet; SD rats were fed with or without HFD for 9 weeks. CG extract was administered intragastrically for a specified period of time. Serum and livers were isolated as above
described in the methods. The values are shown as the means 6 s.d. *symbolizes p,0.05; and **for p,0.01 vs HFD.
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concentration of 0.2 mg/mL, which is commonly used in clinical
medicine to reverse liver injury, as a control to compare the
effectiveness of CG extract in hepatotoxicity. Our morphological
observations showed that the AAP induced L02 cells demonstrated
cell shrinkage compared with the control group (Fig. 3a). As
expected, both the DG and CG extract treatment reversed the AAP
induced hepatotoxicity (Fig. 3a), and both manifested similar effects
compared with the model group. The data clearly showed that
0.2 mg/mL of CG extract inhibited hepatic injury, as assessed by
measurements of LDH release (Fig. 3b) and GLU consumption
(Fig. 3c) compared with the model group(p,0.05).

HPLC-UV method for serum chemistry study. We established the
HPLC-UV method for serum chemistry assay to find the compo-
sition base of the CG extract. We compared the chromatograph of
the CG extract with serum taken from the CG extract high dose
treatment group and serum from the BD group. We found six
compounds entered the blood (CG-2, CG-3, CG-4, CG-8, CG-10,
and CG-14). These compounds are indicated by downward-facing
arrows (Fig. 4). The peaks of CG-2 and CG-8 did not show up in the

chromatograph of the CG extract and serum from the BD group, but
existed in the serum of the CG extract in the high-dose treatment
group. We therefore speculate that these may represent the meta-
bolites of the CG extract. At this stage, we hypothesized that the
lipid-lowering activity of CG extract was likely due to any or all of
these six compounds, and that CG-3, CG-4, CG10, CG14 are from
the origin of CG. We continued our work to determine which of these
compounds is responsible for fat reducing activity of CG.

Mono-Component in vitro drug screening. From the above serum
chemistry study we identified four potential active components
(CG-3, CG-4, CG-10 and CG-14) in the CG extract. Thus, we
decided to perform in vitro drug screening on them. The four
components from the CG extract were separated and extracted.
We used the FFA-induced HepG2 cell high fat model to
determine the effects of the four components on intracellular
triglycerides (Fig. 5). Our results showed that CG-3 is less
effective than CG-4, CG-10 and CG-14 on the down regulation of
TG content. Subsequently, the lipid droplets were identified by Nile
red staining (Fig. 6a) and quantified by Flow Cytometric analysis

Figure 1 | Histiopathological analysis of hepatocytes from HFD-induced SD rats. (a) Liver samples were stained with H&E after treatment with

10% formaldehyde and embedding with paraffin. (b) Oil red O staining (small red circle) shows lipid deposits in the liver samples. The effects of H& E

staining and oil red staining can be observed in different treatment groups; The SD rats were divided into (A) the basal diet group (B) the HFD group

(C) the HFD with Bezafibrate (0.1 g/kg/day) group (D) the HFD with high dose CG extract (9.6 g/kg/day) group and (E) the low dose CG extract

(4.8 g/kg/day) group. Scale bars5800 mm (figure 1a); 100 mm (figure 1b).

Figure 2 | The effects of CG extract on lipid droplet reduction in HepG2 cells. Hepatocytes were induced with 1 mM FFA for a specified period of

time, and lipid accumulation was observed and measured using the Oil red O staining method. (a) Pictographic analysis (scale bars520 mm) after Oil red

O staining. (A) The control group; (B) The FFA-induced group; (C) The FFA with Bezafibrate (20 mM) group (D) The FFA with high dose CG extract

(0.2 mg/mL) group (E) The FFA with low dose CG extract (0.1 mg/mL) group. (b) The contents of the lipid droplets were significantly lower in the

different CG extract treatment groups than in the FFA-only treatment group. The values are shown as the means 6 s.d. and are representative of three

independent experiments. **for p,0.01; ***for p,0.001 vs model and ###symbolizes p,0.001 vs control.
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(Fig. 6b). The relative effects of CG-4, CG-10, CG-14 on HepG2
cells induced by FFA were analyzed. We intended to find the major
mono-component responsible for the effect of the CG extract on
lipid metabolism within hepatocytes.

Chemical structures of CG-4, CG-10 and CG-14. The charac-
teristics of these three components (Fig. 7) have been discussed in
our previous work21. The structure similarity is that they are flava-
noids, and have the same quercetin moieties.

Protein expression of PPAR-a, FATP5 and CD36. PPAR-a is
mainly expressed in tissues with a high level of fatty acid cata-
bolism, such as the liver, and significant data have positively linked
it with lipid metabolism6. We showed here that CG-4, CG-10, and
CG-14 all increase the PPAR-a expression in HepG2 cells and liver
tissue (Fig. 8). Similarly, FATP5 and CD36 are associated with
increased lipid uptake in hepatocytes7,8 and can regulate hepatic
lipids negatively during the disease state. CG-4, CG-10 and CG-14
all showed a relative decrease in the protein expression of CD36

(Fig. 8) in both HepG2 cells and liver tissue. The three compo-
nents also showed a down-regulation in the expression of FATP5
in HepG2 cells compared with the FFA-only treatment group.

The lipid lowering activity and combinational design of isolated
CG components. Uniform Design was employed to investigate the
synergistic effect of three active components (CG-4, CG-10, CG-14)
with varying proportions. Each combination group is equal in con-
centration (20 mM).The numbers in each row indicate a volume ratio
of three monomers. The lipid droplet reduction rate (compared with
the model group) was used to evaluate the therapeutic effect of each
component mixture group as shown in Table 2.

Response Surface Methodology (RSM). RSM is an important
subject in the statistical design of experiments; it is a collection of
mathematical and statistical techniques useful for modeling and
analyzing problems for which a response is influenced by several
variables22. The goal is to move rapidly and efficiently along a path
to obtain a maximum or a minimum response, such that the response

Figure 3 | The morphological observation of L02 cell affected by Acetaminophen, Diammonium glycyrrihizinate and CG extract (scale bars520 mm).
(a) L02 cells were divided into (A) Control group, (B) the AAP-only (5 mmol/L) induced group, (C) the AAP-induced group co-treated with

known AAP regulator Diammonium glycyrrihizinate (0.2 mg/mL), (D) the AAP-induced group with high-dose CG extract (0.2 mg/mL) (E) the

AAP-induced group with low dose CG extract (0.1 mg/mL). (b) LDH release and (c) GLU consumption measurement of L02 cell affected by the AAP, DG

and CG extract. The values are shown as the means 6 s.d. and are representative of three independent experiments. *for p,0.05 vs Model and ##for

p,0.01; ###for p,0.001 vs control.

www.nature.com/scientificreports
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is optimized. RSM aims to find the optimal process settings to
achieve peak performance. In this paper, we utilized the model
Y5f(X1, X2, X3) 1 e.

The variables are independent variables, such that the response
depends on them. The experimental error term, denoted as e, repre-
sents any measurement error on the response, as well as other types
of variations not considered. The Least Square method was used to
estimate the parameters in the polynomials. We used the Design
Expert 8.0.5b to complete the above computation process. The
results are shown in Figure 9. Individual treatment with components
CG-4, CG-10 and CG-14 (group 9, 10 and 11 from Table 2) cannot
decrease the lipid content as effectively as the three in combination.
From the mathematic model, we can get a predicted best lipid reduc-
tion rate of 31.13% by combination of CG-4, CG-10 and CG-14
(CG-4: CG-10: CG-14 5 2.065:1.782:2.153) rather than mono-
compounds.

Discussion
In this study, we attempted to test the lipid-lowering effects of CG
extract on different fat-overload models. The lipid-lowering and
hepatoprotective activities of CG extract were confirmed in the
FFA-induced HepG2 cell model (Fig. 2), the AAP-induced L02 cell
model (Fig. 3) and the HFD model for NAFLD in male SD rats
(Fig. 1). The results of biochemistry indicators (Table 1), pathological
observation (Fig. 1) and cell morphology (Fig. 2, Fig. 3) analysis
suggested that CG extract could decrease the amount of serum and
cellular lipid while protecting the cells from inflammation and injury.
Mono-compounds from the CG-extract were isolated and found to
be effective on multiple targets within hepatocytes (Fig. 8).

As a traditional Chinese medicine, CG extract is proven to be an
effective drug in curing hepatic disease, but its component range and
working mechanism remain unknown. We used serum pharmaco-

chemical approaches (Fig. 4) to discover useful components in CG
extract and optimized their proportions to enhance its therapeutic
effect.

TCM serum pharmaco-chemistry, since Japanese scientist Oguri
T23 first introduced its concept in the mid-1980s, has attracted grow-
ing attention from Chinese researchers. This theory proposes that
most herbs are transformed into complex chemical constituents

Figure 4 | HPLC-UV analysis for the serum chemistry assay. (a) Comparison of the chromatograms of (1) the CG extract, (2) the serum of high dose CG

extract group, and (3) the serum of the BD group; (b) Comparison of (2) the chromatograms of CG-3, CG-4, CG-10 and CG-14 with (1) the

chromatogram of CG extract. Peaks represent the intake of different mono-compounds intracellularly.

Figure 5 | Measurement of Triglycerides (TG) in FFA-induced lipid
storage within HepG2 cells. HepG2 cells were cultured for 24 hours and

induced with FFA (OA/PA) and/or mono-compounds from CG (CG-3,

CG-4, CG-10, CG-14). The concentration used for positive drug was

20 mM, and the concentrations used for mono-compounds were at 5, 10

and 20 mM. The values are shown as the means 6 s.d. and are

representative of three independent experiments. **for p,0.01; ***for

p,0.001 vs model and ###symbolizes p,0.001 vs control.

www.nature.com/scientificreports
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during herb preparation and a series of effects occurs after oral
administration; only parts of the compounds are selectively absorbed
into the body and affect target tissues. Therefore, the hypothesis that
chemical constituents in the blood are the truly effective substances
has been suggested. Hence, we used the highly effective liquid chro-
matography (HPLC) technology for the study of serum pharmaco-
chemistry of CG extract. The comparison of HPLC fingerprints
among serum samples and the CG extract revealed that 6 CG con-
stituents enter the blood. CG-2 and CG-8 may be the metabolites,
while CG-3, CG-4, CG-10, CG-14 are of CG origin. Following in-
vitro drug screening experiments showed that CG-4, CG-10 and CG-
14 are the most active constituents and are therefore considered to be
the core factors in the reduction of hepatic lipids.

After we found that CG mono-compounds CG-4, CG-10 and CG-
14 posses lipid-lowering and hepatoprotective activities, we contin-
ued our study on key lipid targets (like CD36, FATP5 and PPAR-a)
at the molecular level to see if the CG-extract exhibits multi-target
activity on lipid oxidation and lipid absorption pathways (Fig. 4).
The membrane glycoprotein CD36 plays an important role in medi-
ating lipid uptake and is related to the pathogenesis of several
metabolic disorders, such as diabetes, obesity, and nonalcoholic hep-

atic steatosis24,25. The role of CD 36 in metabolic disease includes
modulating intracellular lipid accumulation, lipotoxicity and insulin
resistance26. Fatty acid transport proteins (FATPs) are integral trans-
membrane proteins that enhance the cellular uptake of long-chain
and very long-chain fatty acids27. FATPs comprise a family of six
highly homologous proteins, FATP1 through FATP6, which are
found in all fatty acid-utilizing tissues of the body. FATP5 expression
is entirely liver specific and plays a key role in lipid uptake and hence
lipid storage28. CG-4, CG-10 and CG-14 attenuated the expression of
both CD36 and FATP5. This suggests that these compounds
influence lipid uptake mechanisms as part of their lipid-lowering
capacity. Moreover, peroxisome proliferator-activated receptor-a
(PPAR-a) is a transcription factor and a major regulator of lipid
metabolism in the liver29. The activation of PPAR-a promotes the
uptake, utilization, and catabolism of fatty acids through the upre-
gulation of genes involved in fatty acid transport and peroxisomal
and mitochondrial fatty acid b-oxidation30. CG-4, CG-10 and CG-14
increase the protein expression of PPAR-a and point towards inner
targets of these compounds. We thus hypothesize here that two
possible mechanisms responsible for the ability of the CG compo-
nents to regulate lipid metabolism in the liver are likely. One pos-

Figure 6 | Flow cytometry method for the lipid droplet determination of FFA induced HepG2 cells administered with or without Bezafibrate and CG-4,
CG-10, CG-14 (scale bars550 mm). (a) Nile red staining for the morphological observation of the lipid contents in the HepG2 cell. (A) Control; (B) FFA-

induced HepG2 cell model group; (C) FFA-induced HepG2 cell model administered with Bezafibrate (20 mM); (D-F) 1 mM FFA-induced HepG2 cell

high fat model affected by CG-4, CG-10, CG-14 (20 mM). (b) Flow cytometry method for lipid content determination of the 1 mM FFA-induced HepG2

cell model given Bezafibrate and CG-4, CG-10, CG-14. The molecular weight for Bezafibrate, CG-4 (Compound I), CG-10 (Coumpound II), CG-14

(Coumpound III) was 20 mM.

Figure 7 | Chemical structures of CG-4, CG-10 and CG-14. (A) quercetin-3-O-b-D-glucuronide, (B) isoquercitrin, and (C) quercetin.

www.nature.com/scientificreports
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sibility is that the CG mono-compounds might inhibit FFA transport
and absorption. Another possibility is that the compounds increase
lipid utilization, including lipid b-oxidation. This opens a wide new
area of research on these compounds, which are likely to affect mul-
tiple targets in the complex disease of NAFLD. Further research on
these compounds will be helpful in devising long-sought-after treat-
ment options for NAFLD.

To optimize the proportion of the three mono-compounds to
exert the maximum pharmacological effect, we adopted the math-

ematical model called the Uniform Design and RSM method (Fig. 9).
The best lipid reduction rate (of 31.13%) is achieved with a CG-4:
CG-10: CG-14 ratio of 2.065:1.782:2.153. We can thus assume that
mixtures might cumulatively produce higher effects. However, addi-
tional work is needed to validate our current result and we will
continue to use the mathematical model to balance the varied pos-
itive and negative effects with the overall disease curing purpose.

Consequently, our work confirmed that CG extract has a lipid
lowering capacity both in vitro and in vivo. We also confirmed
and indicated that the mono-compounds may be responsible for
the CG extract lipids reducing activity. We also showed that
mono-compounds CG-4, CG-10, CG-14 have lipid-lowering
effects and that these effects may be manifested through multi-
targets to achieve hepatoprotective activities. We used a combina-
tion of pharmacological and statistical techniques to form a
suitable model for developing drug combinations. Furthermore,
we have indicated the best combination of mono-compounds pre-
sent in CG extract that is responsible for lipid-lowering activity.
Hence, this study forms the basis for future research on these
pharmacologically active compounds and confirms their effective-
ness. This study also uses methodologies that can be helpful in the
future modernization of TCMs during modern drug development
procedures.

Methods
Collection of plant material and preparation of plant extract. The CG plant,
purchased from Xinjiang DeHong Biotechnology Corporation was dried and
grounded into a fine powder. The CG powder was extracted in 70% ethanol

Figure 8 | The effects of different CG mono-compounds and Bezafibrate on different downstream lipid regulatory genes. (a) Liver tissue; (b) HepG2

cells. Results were normalized to b-actin. As shown in Fig. 8, mono-compounds CG-4, CG-10, and CG-14 up-regulated the expression of PPAR-a and

down-regulated the gene expression of CD36 and FATP5. The values are shown as the means 6 s.d. and are representative of three independent

experiments. **for p,0.01; ***for p,0.001 vs Model and ###for p,0.001, #for p,0.05 vs Control. Full-length gel images are available in Supplementary

Figure 1.

Table 2 | Combinations in Uniform Design and their lipid droplet
reduction rate (mean 6 s.d.)

GROUP CG-4 CG-10 CG-14 LDs (%)

1 1 3 2 24.95 6 3.17
2 2 1 3 27.18 6 5.60
3 2 2 2 31.05 6 5.34
4 3 1 2 23.44 6 3.74
5 1 2 3 16.92 6 3.48
6 2 3 1 19.85 6 2.23
7 3 2 1 17.61 6 3.88
8 4 1 1 15.72 6 4.77
9 6 0 0 14.00 6 5.92
10 0 6 0 13.63 6 5.33
11 0 0 6 9.30 6 5.03

Lipid droplet content was measured by the flow cytometer method, as mentioned above, and the
data were transformed into a reduction rate (%) compared with FFA treatment model group.

www.nature.com/scientificreports
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(1516, w/v) for 2 h at room temperature (24uC) with sonic extraction. The ethanol
extract was filtered, and the solvent was removed under vacuum, using a rotary
evaporator.

Chemicals. Bezafibrate was provided by Tasly Pharmaceutical Co. Ltd. Four CG
compounds (CG-3, CG-4, CG-10, CG-14) were extracted and separated in a
pharmaco-chemistry laboratory at the China Pharmaceutical University using the
method described in our previous study21.

Animal treatment. Two completely independent animal experiments were
conducted as follows:

1. The first animal experiment for serum and liver biochemical analysis, liver histo-
pathological analysis and serum chemistry study. Thirty male Sprague-Dawley (SD)
rats weighing 180,200 g at 5–6 weeks of age were purchased from the Qinglongshan
Animal Laboratory Center (Shanghai, China). The animals were allowed free access
to food and tap water throughout the acclimatization and experimental periods. The
animals were exposed to 12 hours of light/dark cycle during the study. This study was
approved by the Ethical Committee of China Pharmaceutical University, Nanjing
University, and the Laboratory Animal Management Committee of Jiangsu Province
(Approval No.:20090002). All animal experiments were conducted in compliance
with the standard ethical guidelines under the control of the ethical committees
mentioned above. After acclimatization for one week, the rats were randomly divided
into five experimental treatment groups (n 5 6 mice each) as follows: (a) Basal diet
(BD) group: fed with a normal diet (b) High fat diet (HFD) group; fed with a high
caloric diet model (c) Bezafibrate treatment group: fed with HFD and given
Bezafibrate (100 mg/kg/day) (d) CG extract low dose treatment group (4.8 g/kg/day):
fed with HFD and given CG extract. (e) CG extract high dose treatment group (9.6 g/
kg/day) fed with high HFD and given CG extract. All five groups received their
respective treatments for 9 weeks. The Bezafibrate and CG extract were suspended in
a 0.5% carboxymethylcellulose solution and was administered by oral gavage once per
day. Rats in control group were given the 0.5% carboxymethylcellulose solution only.
The body weights of individual rats were monitored weekly.

2. Animal experiment for western blotting study. Thirty-six male Sprague-Dawley (SD)
rats weighing 180,200 g at 5–6 weeks of age were randomly divided into six
experimental treatment groups (n 5 6 rats each) after acclimatization for one week as
follows: (a) Basal diet (BD) group: fed with a normal diet (b) High fat diet (HFD)
group; fed with high caloric diet model (c) Bezafibrate treatment group: fed with HFD
and given Bezafibrate (100 mg/kg/day) (d) CG-4 treatment group (100 mg/kg/day):
fed with HFD and given CG-4. (e) CG-10 treatment group (100 mg/kg/day) fed with
high HFD and given CG-10. (f) CG-14 treatment group (100 mg/kg/day) fed with
high HFD and given CG-14. All animal care and experimental procedures were
carried out in accordance with the methods mentioned above.

The basal diet and high fat diet were provided by the Jiangsu Xietong Medical and
Biological Corporation (Nanjing, China). The HFD contains 506.8 kcal/100 g (lard,
10 g/100 g; bile salt, 0.5 g/100 g; cholesterol, 1 g/100 g; powdered milk 5 g/100 g;
egg yolk powder 3 g/100 g; sugar 5 g/100 g; methylthiouracil 0.2 g/100 g; basal diet
75.3 g/100 g). The basal diet contains 360 kcal/100 g (13.3 g/100 g from fat, 26.2 g/
100 g from protein, and 60.5 g/100 g from carbohydrate).

Serum and liver biochemical analysis. After the completion of the study, all rats were
sacrificed at once and serum was withdrawn instantaneously after blood collection by
centrifugation at 3500 rpm for 5 minutes. The serum ALT and AST were determined
using enzymatic colorimetric methods. The serum lipid contents: Total cholesterol
(TC), Total triglycerides (TG), Low-density lipoprotein-cholesterol (LDL-C), and
High-density lipoprotein-cholesterol (HDL-C) were investigated to evaluate the
relative lipid content changes. Hepatic levels for MDA and LDH were also analyzed.
Protein concentration was measured by bicinchoninic acid assay (BCA), and values
were normalized according to the protein concentration. All above-mentioned
parameters were measured by commercially available kits provided by the Nanjing
Jiancheng Bioengineering Institute, Nanjing, China.

Liver histopathological analysis. Histopathological analysis was performed by
incising standardized specimen from specified portions of liver. Briefly, liver tissues
were fixed in 10% formalin for 4 hours, and dehydrated in a graded series of ethanol
and embedded in paraffin wax. 4-mm-thick sections were cut and stained with
hematoxylin-eosin (H&E) staining and analyzed under Olympus-BX53 biological
microscope. To evaluate fat deposition, fresh liver samples were embedded using
tissue OCT-freeze medium and sliced into 8–10 mm-thick sections using a cryostat
microtome (LEICA CM1850). The frozen sections were then stained with Oil red O
for 15 minutes before being analyzed under an Olympus-BX53 biological microscope.

Cell culture and treatment. HepG2, a human hepatoma cell line with well
differentiated morphology and hepatic functions31, was obtained from the Chinese
Academy of Sciences (Shanghai, China); while the hepatocyte cell line L02,
originating histologically from normal human liver tissue32, was purchased from
Nanjing KeyGen Biotech Co Ltd (Nanjing, China). Both cell lines were cultured in
DMEM medium (Gibco, Grant Island, USA) and supplemented with 10% heat-
inactivated fetal bovine serum (FBS), 100 units/ml penicillin and 100 mg/ml
streptomycin at 37uC in a humidified incubator containing 5% CO2.

HepG2 cells were cultured in six-well plates at the density of 1 3 106 for 24 hours
before treating different groups with or without 1 mM free fatty acids (FFA) for
24 hours to induce fat deposition model. There were a total of five groups (the control
group; the FFA-induced group; the FFA and Bezafibrate (20 mM) group; the FFA and
high dose CG extract (0.2 mg/mL) group; the FFA and low dose CG extract (0.1 mg/
mL) group). To examine the lipid-lowering effect of CG extract, the treated HepG2

Figure 9 | Response surface methodology and contour plots of lipid droplet reduction effect for component combinations. (a) 3D response surface of

the lipid droplet reduction rate (%); (b) contour plots of the lipid droplet reduction rate (%). The results of this figure were predicted by the data reported

in table 2.
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cells were fixed with 4% buffered paraformaldehyde and stained with Oil red O
(Sigma-Aldrich, St Louis, USA).

L02 cells were treated with or without 5 mmol/L Acetaminophen (AAP) to induce
hepatotoxicity. A concentration of 0.2 mg/mL of the positive drug Diammonium
glycyrrihizinate was used to compare the pharmacological activity of CG extract.

FFA treatment. We used a FFA fat-overloading model, mixing oleate and palmitate
(Sigma-Aldrich, St Louis, USA) in a 251 ratio, to establish lipid accumulation model
to induce hepatocytes as mentioned elsewhere33,34. This model has been shown to
mimic the NAFLD characteristics with low level of toxicity to the cells35. Briefly, stock
solutions of oleate (1000 mM) and palmitate (1000 mM) were prepared in dimethyl
sulfoxide (DMSO) and heat-dissolved. The required FFA concentration was then
added to cell culture medium (DMEM) containing the final concentration of 1%
Bovine Serum Albumin (BSA). BSA was used to adopt the physiological ratio of FFA-
BSA binding36. FFA-BSA mixture was then added to HepG2 cells at indicated times.
Control groups in all cases were incubated with 1% fatty acid-free BSA without
palmitate acid and oleic acid.

HPLC-UV method for serum chemistry study. We established stable HPLC-UV
chromatograph condition for detecting CG extract in animal serum. A Diamonsil C18

analytical column (250 mm 3 4.6 mm, 5 mm) was used with a mobile phase
consisting of methanol and 0.1% acetic acid. The detecting wave-length was set at
280 nm. Flow rate was kept at 0.8 mL/min. The column was maintained at 40uC and
the injection volume was 20 mL.

In vitro drug screening. HepG2 cells were cultured for 24 hours and induced with
FFA (OA/PA) and/or CG mono-compounds (CG-3, CG-4, CG-10, CG-14). The
concentration for positive drug was 20 mM and the concentrations for mono-
compounds were at 5, 10 and 20 mM. TG was measured by commercially available
kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China), and proteins were
normalized in each group after BCA. Nile red is a selective fluorescent stain for
intracellular lipid droplets. Cells, fixed with 4% buffered paraformaldehyde for
15 min, were washed with1 mL PBS and then stained with Nile red (Sigma-Aldrich);
Stock solution (0.5 mg/mL in DMSO) was diluted 155000 in PBS; 500 mL of this
diluted Nile red solution was added into each well (six well plate) and protected from
light at room temperature for 5 min and then washed with 1 mL PBS. Pictures were
taken with the Olympus-BX53 biological microscope. For the quantitative analysis,
HepG2 cells treated with different group of drugs were harvested, and incubated with
Nile red (1 mg/ml) in dark for 5 min at room temperature. The fluorescence intensity
of each sample was measured immediately by flow cytometry at an excitation
wavelength of 488 nm and emission wavelength of 550 nm.

Western Blotting Analysis. The cells and tissue were lysed in a
radioimmunoprecipitation assay (RIPA) buffer containing protease inhibitor
mixtures and phosphatase inhibitors (Beyotime Institute of Biotechnology, China).
Homogenates were centrifuged at 10,000 3 g for 10 min (4uC), and the subsequent
supernatants were extracted for Western blot analyses. Membranes were then
incubated with the primary antibodies for FATP5 (151000, Abcam, USA), PPAR-a
(15500, Abcam, USA), CD36 (152000, Abcam, USA), followed by incubation with a
secondary antibody (154000, Santa Cruz Biotechnology, USA). Antibody expression
was viewed using enhanced chemiluminescence reagents (PerkinElmer, USA).
Densitometric scanning of band intensities were quantified by Quantity One (Bio-
Rad, USA).b-actin (15500, Santa Cruz Biotechnology, USA) was used as an internal
control.

Drug combination. To further discover the synergistic effect of the mono-
compounds, a Uniform Design was employed to arrange the experiment. The details
regarding Uniform Design are described in many references37-39. A Response Surface
Methodology (RSM) method was used to optimize the combination of CG-4, CG-10
and CG-14.We used the flow cytometer method to determine the intracellular lipid
content of different combination groups.

Statistical analysis. The data are represented as the means 6 s.d. The significance of
the difference between groups was evaluated with a one-way analysis of variance
(ANOVA) and Dunnett’s t-test. Statistical differences were considered significant
when p,0.05.
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